ABSTRACT As a result of relaxation of importation restrictions ordered by the Animal and Plant Health Inspection Service of the U.S. Department of Agriculture, shipments of fresh avocados from Mexico began entering California year-round in 2007, despite the fact that these shipments were heavily infested with a number of exotic and potentially invasive armored scale species that are not thought to be present in California. Here, we report the identiÞcation of the sex pheromone of one of these species, Acutaspis albopicta (Cockerell), from a quarantine colony of these insects initiated from specimens collected from commercial shipments of Mexican avocados. The compound was identiÞed as [(1S,3S)-2,2-dimethyl-3-(prop-1-en-2-yl)cyclobutyl)]methyl (R)-2-methylbutanoate, and was similar in structure to the pheromones of several other scale and mealybug species. In laboratory bioassays, the pheromone was highly attractive to male scales in microgram doses. The pheromone will provide a very sensitive and selective tool for detection of the scale to try and prevent its permanent establishment in California.
Avocados have been grown in California for Ϸ100 yr, and there are currently Ϸ52,000 acres under production with an annual crop value of Ϸ$250 million (www. avocado.org). Historically, avocados in California were relatively free of the suite of herbivorous insects that have coevolved with avocado throughout its native ranges in Mexico and Central America, including major pests such as the avocado seed moth, Stenoma catenifer Walsingham, and several seed weevils. In large part, California avocados may have been kept free of these pests because from 1914 until 1997, the U.S. Department of Agriculture prohibited the shipment of fresh avocados from Central and South America and Mexico into the United States. However, under increasing pressure from proponents of free trade, importation restrictions were weakened until in February 2007, certiÞed groves in Mexico were allowed to ship to any of the United States, including those states with commercial avocado crops (Morse et al. 2009 ). Subsequent to a review conducted by the Animal and Plant Health Inspection Service (APHIS) of the U.S. Department of Agriculture in 2007, which concluded that these armored scale insects posed a low risk of establishment, the California Department of Food and Agriculture was forced to issue a Pest Exclusion Advisory notifying inspectors at border stations that they could no longer reject commercial shipments of avocados because of the presence of armored scale (Morse et al. 2009 ). Since that time, Mexican Hass avocados infested with exotic scales have been allowed free access into California, with no requirements for disinfestation treatments.
In a follow-up study designed to provide hard data on which to base further risk assessments, Morse et al. (2009) presented abundant evidence that shipments of Mexican Hass avocados were infested with a number of armored scale species, including Þve described species (Abgrallaspis perseae Davidson, Acustaspis albopicta(Cockerell) , Diaspis miranda (Cockerell), Hemiberlesia lataniae Signoret, and Pinnaspis strachani (Cooley)), a new species which has since been described (Abgrallaspis aguacatae Evans, Watson, and Miller; Evans et al. 2009 ) and two species that remain undescribed. Of these eight species, only H. lataniae is known to be present in California. A remarkable 92% of the cartons randomly sampled at an agricultural inspection station in Blythe, CA, were found to contain live scales (Morse et al. 2009 ). Extrapolating from the percentage of shipments that were sampled, these workers estimated that Ϸ48 million live sessile scale and an additional 20 million live eggs and crawlers entered California on these shipments over an 8-mo period, with most of these shipments going to packing houses located near avocado production areas. This incontrovertible evidence of massive infusions of live exotic scale species provided the motivation for ini-tiating a project to identify the female-produced sex pheromones of these insects, for development into sensitive and selective tools for monitoring the possible establishment and spread of these species.
The project was initiated with A. albopicta because it proved to be the easiest of the eight species to rear under quarantine conditions. There is very little known about its biology and life history. It has been reported to infest plants in 14 genera and 13 plant families, including citrus and avocado. It has been collected from Texas in the United States (McDaniel 1968) , from a number of locations in Mexico, and from Brazil, Costa Rica, Ecuador, Guatemala, Honduras, Panama, and Peru in Central and South America (BenDov 2008) . McKenzie (1957) recorded this species from several California nurseries and assumed it had established in California. However, according to Gill (1997) , A. albopicta was eradicated from nurseries in California and has not been seen since 1960. Rosen and DeBach (1979) reported that it is parasitized by the wasp Aphytis acutaspidis Rosen & DeBach (Hymenoptera: Aphelinidae), but there is minimal additional published information about the scaleÕs biology, ecology, and natural enemies.
Here, we report the identiÞcation, synthesis, and preliminary testing of the female-produced sex pheromone of A. albopicta, providing the means to develop a highly sensitive and selective method for its detection. Pheromone-baited traps can now be used for monitoring for the establishment of this scale in California, and for monitoring its spread, phenology, and population densities should it become established. Careful tracking of the range and population dynamics of this scale may be particularly important because so little is known about its biology, host plant range, and coevolved natural enemies, which may not be present in California to aid in its control. The pheromone may also be useful for incorporation into integrated pest management (IPM) programs for this scale in the Mexican avocado orchards that are the source of the scale coming into California.
Materials and Methods

Preparation and Analysis of Pheromone Extracts.
Under permit from the California Department of Food and Agriculture, a colony of A. albopicta was started inside University of California RiversideÕs quarantine facility from insects collected from samples taken from shipments of Mexican Hass avocados at the agricultural inspection station in Blythe, CA. Voucher specimens have been archived in the University of California Riverside Entomology Museum (accession numbers: females, 305431Ð305433; males 305434 Ð 305436).
Crawlers (early Þrst instar nymphs) were transferred onto organically grown butternut squash, which were held in plastic trays at 26 Ð29ЊC under a 16:8 L:D regime in an environmental chamber. After Ϸ2Ð3 wk, the squash were dipped in a 0.25 ppm solution of the insect growth regulator (IGR) pyriproxifen (Valent USA Corp., Walnut Creek, CA) in 0.02% aqueous Triton X-100 to selectively kill the males (Rill et al. 2007 ). The treated squash, then infested with all-female cohorts, were transferred to 7-liter cylindrical glass aeration chambers which were held at Ϸ26ЊC, Ϸ60% RH, and 16:8 L:D cycle provided by the roomÕs ßuorescent lights. The chambers were swept with air (1 liter/min) puriÞed by passage through activated charcoal Þlters, with headspace volatiles collected on traps placed on the chamber outlets. Traps consisted of 5 mm i.d. glass tubes loaded with a 10 Ð15 mm bed of 50 Ð200 mesh thermally desorbed activated charcoal, held in place by glass wool plugs. Aerations were continued for several weeks, with the traps changed weekly. Compounds were recovered from traps by elution with methylene chloride (3 ϫ 350 l), and analyzed by coupled gas chromatography-electroantennography (GC-EAD) on a DB-5 column (30 m ϫ 0.25 mm i.d., 0.25 m Þlm; J&W ScientiÞc, Folsom, CA). Helium was used for both the carrier and makeup gas. Injections were made in splitless mode, and the oven temperature was programmed from 40ЊC for 1 min then 10ЊC per min to 275ЊC. Injector and detector temperatures were 250 and 275ЊC, respectively. The efßuent from the column was split using an ÔXÕ cross with half of the sample going to the FID detector and the other half to the EAD. The portion directed to the EAD was diluted in a humidiÞed air stream before exposure to the antenna. For GC-EAD analyses, an adult male was cut laterally across the thorax with a razor blade, and mounted with the cut side on the reference electrode (glass capillary Þlled with saline, with a gold wire down the center; the saline solution was prepared from 7.5 g NaCl, 0.21 g CaCl 2 , 0.35 g KCl, and 0.20 g NaHCO 3 in 1 liter Milli-Q puriÞed water). The tips of the antennae were placed in contact with the tip of the recording electrode, and the signals from the GC and the antennal preparation were recorded simultaneously with PeakSimple software (Stanford Research Institute, Palo Alto, CA). Aliquots of extracts were then analyzed in splitless mode by GC-MS (Agilent 6890 GC coupled to a 5973 mass selective detector, operated in EI mode at 70 eV) equipped with a DB-5MS column (30 m ϫ 0.25 mm i.d.; J&W ScientiÞc), with GC temperatures as described above. KovatÕs retention indices were calculated for unknowns and standards relative to straight-chain hydrocarbons.
An aliquot of extract was reduced by addition of Ϸ1 mg 5% Pd on carbon and stirring for 1 h under a hydrogen atmosphere. The catalyst was removed by Þltration through celite, and the resulting solution was analyzed by GC-MS as described above. A second aliquot of extract was concentrated just to dryness, then treated with 100 l of a 1 M solution of NaOH in ethanol:water 95:5 for 3 h at room temperature. The solution was then extracted twice with 250 l pentane, and the combined extracts were concentrated to Ϸ20 l and analyzed by GC-MS. A standard of citrus mealybug, Planococcus citri (Risso) pheromone, used as a reference compound, was available from other studies (Waterworth et al. 2011) , and was hydrolyzed in analogous fashion.
To determine the absolute conÞguration of the insect-produced pheromone, 50 l of an extract was treated with 100 l of 95% ethanol and two drops of 2 M aqueous NaOH for 1.5 h at room temperature. Water (0.5 ml) was added and the aqueous phase was extracted with pentane (2 ϫ 0.5 ml), giving a neutral fraction containing the monoterpene alcohol portion of the pheromone structure. The extract was concentrated by evaporation from the open vial to Ϸ50 l, and an aliquot was analyzed by splitless injection on a chiral stationary phase Cyclodex-B GC column (30 m ϫ 0.32 mm i.d., 85ЊC for 40 min then 5ЊC per min to 240ЊC). Authentic samples of the (R,R) and the (S,S) alcohols (see below) were analyzed under the same conditions, followed by co-injection of the hydrolyzed extract with a racemic mixture of the two.
The remaining aqueous phase was acidiÞed with 2 M HCl and extracted with pentane (2 ϫ 0.5 ml) to give a fraction containing 2-methylbutanoic acid. After concentration as described above, an aliquot was analyzed on the chiral GC column (70ЊC isothermal), along with authentic standards of the 2-methylbutanoic acid enantiomers (see below).
Synthesis of Candidate Pheromones. Solvents used were Optima grade (Fisher, Pittsburgh, PA). Tetrahydrofuran (THF) was distilled from sodium/benzophenone under argon atmosphere. 1 H and 13 C nuclear magnetic resonance (NMR) spectra were taken with a Varian INOVA-400 (400 and 100.5 MHz, respectively) spectrometer, as CDCl 3 solutions. Chemical shifts are expressed in parts per million relative to CDCl 3 (7.27 and 77.23 ppm for 1 H and 13 C NMR, respectively). Unless stated otherwise, solutions of reaction products were dried over anhydrous Na 2 SO 4 and concentrated by rotary evaporation under reduced pressure. Crude products were puriÞed by vacuum ßash chromatography or ßash chromatography on silica gel (230 Ð 400 mesh; Fisher). Unit resolution mass spectra of synthetic intermediates were taken with a Hewlett Packard (HP) 5890 GC interfaced to an H-P 5970 mass selective detector, in EI mode (70 eV) with helium carrier gas. The GC was equipped with an HP5-MS column (25 m ϫ 0.20 mm i.d. ϫ 0.33 Þlm). High resolution mass spectra were obtained by direct injection on a Waters GCTOF instrument (Waters Corp., Milford, MA). Infrared spectra were recorded as Þlms on NaCl IR cards (19 mm aperture with NaCl cover slips; International Crystal Laboratories, GarÞeld, NJ) using a Bruker Equinox 55 spectrometer. Reactions with air-or water-sensitive reagents were conducted in oven-dried glassware ßushed with argon.
[(1S,3S)-2,2-dimethyl-3-(prop-1-en-2-yl)cyclobutyl)] methanol (4) (Fig. 1). (1S,3R)-3-acetyl-2,2,-dimethylcyclobutanecarboxylic acid 2 was made by oxidation of (S)-(-)-verbenone 1 (TCI America, Portland, OR) with NaIO 4 and RuCl 3 •3H 2 O in aqueous t-butanol as described by Passaro and Webster (2004) for the analogous oxidative cleavage of (R)-(ϩ)-verbenone. The 1 H and 13 C NMR spectra matched those reported in that reference. The ketone functionality in 2 was converted to the 1,1-disubstituted alkene under neutral conditions to prevent epimerization using the method of Yan et al. (2004) . Thus, a dry three-neck ßask under argon and cooled in an ice bath was charged with Mg powder (2.92 g, 120 mmol), dry CH 2 Cl 2 (90 ml), and TiCl 4 (5.7 g, 30 mmol). Dry THF (30 ml) was added dropwise over Ϸ30 min (exothermic!), producing greenÐ gray vapor, while the reaction mixture turned from muddy yellow to a black slurry. The mixture was stirred an additional 20 min at 0ЊC after the addition was complete, and then the ketoacid 2 was added dropwise in 20 ml CH 2 Cl 2 . The reaction mixture thickened, the temperature increased to Ϸ30ЊC, and the mixture was stirred vigorously in the ice bath to hold the temperature between Ϸ10 Ð20ЊC for 30 min until the exotherm had subsided. The mixture was then stirred for 1 h at room temperature. While cooling in an ice bath, the mixture was quenched by addition of 50 ml ether and 9 g K 2 CO 3 in Ϸ25 ml water, producing an intractable black mixture. This was further diluted with 100 ml 1 M HCl and 100 ml ether, and the mixture was Þltered through a pad of Celite, rinsing the Þlter pad with ether. The resulting black suspension was treated with 50 ml brine, which gave some separation of layers. The top organic layer was removed and the aqueous residue was extracted twice more with ether. The combined ether layers were washed twice each with water and brine, dried, and concentrated giving crude (1S,3S)-2,2-dimethyl-3-(prop-1-en-2-yl)cyclobutanecarboxylic acid 3 as a viscous yellow oil (2.48 g). The crude acid was immediately taken up in 10 ml THF, and added dropwise to a slurry of LiAlH 4 (0.87 g, 22.5 mmol) in THF (25 ml) at 0ЊC under argon. After foaming subsided, the mixture was stirred at room temperature for 36 h. The reduction was still incomplete, so an additional 0.57 g LiAlH 4 and 25 ml THF were added, and the mixture was warmed to 40ЊC for 3 h. After cooling to room temperature, the reaction was quenched by sequential dropwise addition of 1.5 ml water, 1.12 ml 6M NaOH, and 5.25 ml water. The resulting mixture was stirred 30 min to allow the white precipitate to coagulate, and then Þltered through Celite. The resulting solution was treated with decolorizing charcoal and dried, then concentrated. The residue was puriÞed by vacuum ßash chromatography (17.5% EtOAc in hexanes), followed by Kugelrohr distillation (oven temperature to 58 Ð 60ЊC at 0.2 mmHg) producing the desired (S,S)-alcohol 4 (0.88 g, Ͼ97% pure by GC). . These values are in general agreement with those previously reported (Nakahata et al. 2003) , with the exception that those authors neglected to report the allylic methyl singlet at 1.64 ppm. The mass spectral data were in accord with that previously reported (Thulasiram et al. 2008) . (1S,3S)-4 and its enantiomer (1R,3R)-4, prepared as described below, were resolved to baseline on a chiral stationary phase Cyclodex B GC column (30 m ϫ 0.32 mm i.d., J&W ScientiÞc; 85ЊC isothermal).
(R)-2-Methylbutanoic Acid (6). Amano lipase (0.98 g, from Pseudomonas fluorescens, Aldrich, Milwaukee, WI) was added to a stirred solution of racemic 2-methyl-1-butanol 5 (10 g, 114 mmol) and vinyl acetate (39.13 g, 455 mmol) in dichloromethane (220 ml) (McAllister and Taylor 2004, Barth and Effenberger 1993) . The conversion was followed by chiral GC (Cyclodex-B column, 30 m ϫ 0.32 mm i.d., 35ЊC isothermal). The reaction was stopped after 42 h, the mixture Þltered, and the Þltrate was concentrated under partial vacuum. The residue was chromatographed on silica gel with pentane/ diethyl ether (5:1, TLC R f ϭ 0.21) yielding 1.12 g (11%) of (R)-2-methyl-1-butanol 5 (Ϸ 95% ee), chemical purity 98% by GC. The esteriÞcation product, 2-methylbutyl acetate (R: S Ϸ 1:3) was discarded. JonesÕ reagent (1.42 g of CrO 3 in 11 ml of 3 M H 2 SO 4 ) was added dropwise at 0ЊC to a stirred and cooled solution of alcohol (R)-5 (0.98 g, 11.1 mmol) in acetone (20 ml), and the mixture was stirred for 3.5 h at room temperature (Tashiro and Mori 1999) . The reaction was diluted with water and extracted with diethyl ether. The organic phase was washed with dilute HCl and brine, dried, and concentrated. The residue was Kugelrohr distilled (oven temperature to 68 Ð70ЊC at 8 mmHg) to give 0.84 g (74%) of (R)-2-methylbutanoic acid (R)-6 as a colorless oil, 99% chemically pure by GC. [(1S,3S)-2,2-dimethyl-3-(prop-1-en-2-yl)cyclobutyl)] methyl (2R)-2-methylbutanoate (7). 1-ethyl-3-[(3-dimethylamino)propyl]carbodiimide hydrochloride (EDC, 0.6 g, 3.1 mmol) was added in portions to an ice cooled solution of (R)-2-methylbutanoic acid 6 (0.265 g, 2.6 mmol), alcohol 4 (0.4 g, 2.6 mmol), and 4-(N,Ndimethylamino)pyridine (0.032 g, 0.26 mmol) in dry CH 2 Cl 2 (100 ml) (Patel et al. 1998) . After 2 h, the ice bath was removed and the reaction was stirred overnight at room temperature. The reaction mixture was then washed with water and saturated sodium bicar-bonate. The organic phase was separated and the aqueous phase extracted twice more with dichloromethane. The combined organic phase was dried, and concentrated, and the residue was puriÞed by ßash chromatography on silica gel (hexane/ethyl acetate 9/1, TLC R f ϭ 0.51) followed by Kugelrohr distillation (oven temperature to 78 Ð 82ЊC at 0.1 mmHg) yielding (S,S,R)-7 (0.51 g, 82%), chemical purity 98% by GC. [
(1S,3S)-2,2-dimethyl-3-(prop-1-en-2-yl)cyclobutyl)] methyl (2S)-2-methylbutanoate (8).
This diastereomer was made in analogous fashion and yield to 7 by substituting (S)-2-methylbutanoic acid (S)-6 (74% ee, Aldrich) in the esteriÞcation step. The mass spectrum was essentially identical to that of 7. The 1 H NMR spectrum was identical to that of (S,S,R)-7 except that the multiplets for the CH 2 OH protons were shifted by 0.01 and 0.02 ppm, respectively, that is, 3.92 (dd, 1H, J ϭ 11.3, 9.0 Hz, CH 2 OH) and 4.04 (dd, 1H, J ϭ 11.2, 6.0 Hz, CH 2 OH). The 13 C NMR was also virtually identical to that of (S,S,R)-7 except for the C(2)-CH 3 peak that was shifted by 0.1 to 16.9 ppm.
[
(1R,3R)-2,2-dimethyl-3-(prop-1-en-2-yl)cyclobutyl)] methyl (2S)-2-methylbutanoate [(1R,3R,2S)-7].
(1R,3S)-3-acetyl-2,2,-dimethylcyclobutanecarboxylic acid (1R,3S)-2 was synthesized by oxidation of (1R,5R)-(ϩ)-␣-pinene to (R)-verbenone (R)-1 as described by Passaro and Webster (2004) , followed by oxidation of the C ϭ C double bond in (R)-1 to produce the ketoacid, (1R,3S)-2 as described above for the (1S,3R)-enantiomer. We used a different method (Lombardo 1987) for the conversion of ketoacid (1R,3S)-2 to (1R,3R)-2,2-dimethyl-3-(prop-1-en-2-yl)cyclobutanecarboxylic acid (1R,3R)-3 than in the synthesis of the enantiomer 3 described above because of the laborious workup experienced during the synthesis of 3 (see above). Thus, TiCl 4 (9.3 ml, 85.3 mmol) was added dropwise over 15 min to a slurry of activated zinc powder (19.62 g, 300 mmol) and CH 2 Br 2 (7.9 ml, 112 mmol) in dry THF (125 ml) at Ϫ40ЊC under argon. After the addition was complete, the cooling bath was removed and the mixture was stirred at 4ЊC for 72 h. The resulting dark gray slurry was diluted with dry dichloromethane (50 ml), recooled to Ϫ40ЊC, and ketoacid (1R,3S)-2 (4.68 g, 27.5 mmol) in dry dichloromethane (25 ml) was added over 10 min. The mixture was warmed to room temperature, stirred for 1.5 h, then diluted with pentane (200 ml) and a slurry of NaHCO 3 (150 g in 80 ml of H 2 O) was added cautiously over a period of 1 h. The clear organic phase was separated and the residue was extracted three times with pentane. The combined organic layers were dried over Na 2 SO 4 , and concentrated, yielding 2.85 g (62%) of crude acid (1R,3R)-3. This acid was immediately reduced with LiAlH 4 to [(1R,3R)-2,2-dimethyl-3-(prop-1-en-2-yl)-cyclobutyl)] methanol (1R,3R)-4 as described above for the (1S,3S)-enantiomer. Alcohol (1R,3R)-4 was then esteriÞed with (S)-2-methylbutanoic acid (S)-6 as described above to give the enantiomer of the pheromone, that is, (1R,3R,2ЈS)-7. Spectra matched those of its enantiomer.
(1R,3R)-2,2-dimethyl-3-(prop-1-en-2-yl)cyclobutyl)] methyl (2R)-2-methylbutanoate [(1R,3R,2R)-8].
This stereoisomer was prepared by esteriÞcation of [(1R,3R)-2,2-dimethyl-3-(prop-1-en-2-yl)cyclobutyl)]methanol (1R,3R)-4 with (R)-2-methylbutanoic acid (R)-6 as described above. Spectra matched those of its enantiomer (1R,3R,2ЈR)-8.
Bioassays. Bioassays were conducted in the rearing room assigned to the Acutaspis colony in the University of California Riverside quarantine facility, using sticky traps (Intercept A/C sticky trap liners cut in quarters to give four 7.8 ϫ 7.8 cm squares; IPM Technologies, Portland OR) suspended over the rearing containers. Traps were baited with rubber septum lures treated with hexane solutions of synthesized pheromone candidates. Controls consisted of rubber septa treated only with hexane. Traps were rotated each day to minimize positional effects. Because of the limited space available, only one replicate of each treatment was tested at a time, with treatments being replicated over time (i.e., each day ϭ 1 replicate; the number of replicates of each experiment are listed below).
Results
Extracts of headspace volatiles from cohorts of sexually mature, virgin, female scales were characterized by a single large peak (retention index (RI) on DB-5, 1535), which elicited a strong response from the antennae of male scales (Fig. 2) . The EI mass spectrum of the compound had a trace molecular ion at m/z 238 and base peak at m/z 68 (Fig. 3) , for a possible molecular formula of C 15 H 26 O 2 , which would accommodate three rings or double bond equivalents. Catalytic reduction of an aliquot of extract with palladium on carbon under hydrogen atmosphere resulted in the disappearance of the original peak and the appearance of two new peaks in a ratio of Ϸ4:1 with slightly shorter retention times, and molecular ions at m/z 240, indicating that the parent structure had one alkene bond. A signiÞcant fragment at m/z 136 (M-102) suggested the loss of C 5 H 10 O 2 , corresponding to a saturated Þve-carbon carboxylic acid, accounting for a second unsaturation, with the remainder corresponding to a monoterpenoid-like structure. The presence of a C5 saturated ester was conÞrmed by base hydrolysis of an aliquot, producing a possible monoterpene alcohol (RI on DB-5, 1164) with a trace molecular ion at m/z 154 and a base peak at m/z 71. Examination of the chromatogram of the crude extract revealed that it also contained a small quantity of this compound. Taken together, the results of the hydrogenation and base hydrolysis experiments indicated that the parent structure had to have one ring to account for the third site of unsaturation. Furthermore, the relatively small difference in retention indices between the intact pheromone and its hydrolysis product (371 retention index units) indicated that the Þve carbon acid had to be branched rather than a straight chain, by comparison with the retention indices of model esters with straight or branched chains (Adams 1995) .
More detailed examination of the mass spectrum of the parent compound provided further information. The even-mass base peak at m/z 68 and the prominent even-mass ion at m/z 170 suggested a possible retrocyclization of a multiply substituted cyclobutane structure into a C 5 H 8 isoprene fragment and a C5 ester of 3-methyl-2-buten-1-ol, analogous to the fragmentation and rearrangement of (1R,3R)-[2,2-dimethyl-3-(prop-1-en-2-yl)cyclobutyl)]methyl acetate, the pheromone of the citrus mealybug, the mass spectrum of which has diagnostic rearrangement ions at m/z 68 and m/z 128 (Bierl-Leonhardt et al. 1981) . This interpretation proved to be correct, because the mass spectrum and retention times of the alcohol obtained by base hydrolysis of the A. albopicta extract and a sample of citrus mealybug pheromone were identical, proving that the alcohol portion of the pheromone was cis-[2,2-dimethyl-3-(prop-1-en-2-yl)cyclobutyl)]methanol 4. EsteriÞcation of this alcohol with racemic 2-methylbutyryl chloride resulted in a mixture of diastereomers that were inseparable on both achiral (DB-5, DB-17, DB-WAX) and chiral (Cyclodex B and ␤-DEX 225) GC columns. The mass spectrum and retention time of the ester mixture matched those of the A. albopicta pheromone, proving the gross structure to be cis- [2,2-dimethyl-3-(prop-1-en-2-yl) cyclobutyl)]methyl 2-methylbutyrate 7 or 8. The absolute conÞguration of the alcohol portion of the pheromone was readily conÞrmed to be (1S,3S) by comparison with the retention times of standards of the two enantiomers on a chiral stationary phase Cyclodex B GC column (Fig. 4) . Similarly, the absolute conÞguration of the 2-methylbutyric acid portion of the structure was determined to be (R) by base hydrolysis of the pheromone, recovery of the free acid, and analysis on the Cyclodex B column (Fig.  5) . Thus, the pheromone structure was unambiguously identiÞed as (1S,3S)-[2,2-dimethyl-3-(prop-1-en-2-yl)cyclobutyl)]methyl (R)-2-methylbutyrate, (1S,3S,2ЈR)-7.
The pheromone was readily made in chiral form. Thus, (1S,3S)-2,2-dimethyl-3-(1-methylethenyl)-cyclobutanemethanol (1S,3S)-4 was synthesized from (S)-(-)-verbenone (S)-1 in three steps by known methods (Passaro and Webster 2004, Yan et al. 2004 ). This alcohol was esteriÞed with either (R)-or (S)-2-methylbutyric acids 6 using the carbodiimide reagent EDC with dimethylaminopyridine catalyst, giving the (1S,3S,2ЈR) and (1S,3S,2ЈS)-diastereomers. (S)-2-Methylbutyric acid is commercially available, whereas (R)-2-methylbutyric acid was prepared by kinetic resolution of racemic 2-methylbutanol by Amano lipase followed by oxidation of the resulting (R)-2-methylbutanol (R)-5 with JonesÕ reagent (Fig. 1) .
The (1R,3R,2ЈR)-and (1R,3R,2ЈS)-stereoisomers were synthesized in similar fashion, preparing (1R,3R)-[2,2-dimethyl-3-(prop-1-en-2-yl)cyclobutyl)] methyl (1R,3R)-4 from (1R,5R)-(ϩ)-␣-pinene as de- scribed by Passaro and Webster (2004) . This alcohol was then esteriÞed with (R)-or (S)-2-methylbutyric acids 6 as described above.
Field bioassays were not possible in California because the scale is not yet known to be established anywhere in the state. However, in bioassays conducted in the room used to rear the scale inside the University of California Riverside quarantine facility, the pheromone proved to be highly attractive to males (1,465 male scale trapped on sticky cards baited with 10 g of (1S,3S,2ЈR)-7 over 3 d, versus 12 males caught on the control; n ϭ 3). In a second bioassay comparing (1S,3S,2ЈR)-7 (10 g), its diastereomer (1S,3S,2ЈS)-8 (10 g), an equal mixture of the two (5 g of each), and a solvent control, there were no signiÞcant differences between any of the pheromone treatments [(1S,3S,2ЈR): 352 males; (1S,3S,2ЈS): 405 males; blend of the two 377 males; control: eight males; n ϭ 3]. The (1R,3R,2ЈR)-and (1R,3R,2ЈS)-stereoisomers were virtually inactive; traps baited with 10 g doses of these compounds caught 11 males [(1R,3R,2ЈR)] and 19 males [(1R,3R,2ЈS)], respectively (n ϭ 2). In contrast, a bioassay run under the same conditions with a equal mixture of the (1S,3S,2ЈR) and (1S,3S,2ЈS) stereoisomers caught 256 males in 24 h (n ϭ 1).
Discussion
To date, pheromones have been described from Þve other diaspidid scales, and all but one of these pheromones are acyclic mono-or sesquiterpenoids (Dunkelblum 1999). The A. albopicta pheromone is also a terpenoid, but it is cyclic, and the alcohol portion of the molecule consists of the same gross structure as the alcohol portions of the pheromones of two mealybug species, Pseudococcus cryptus Hempel, the citriculus mealybug (Nakahata et al. 2003) , and Planococcus citri, the citrus mealybug (Bierl-Leonhardt et al. 1981) . However, the latter two pheromones contain the alcohol with the (R,R)-conÞguration, whereas A. albopicta produces the enantiomer with the opposite, (S,S)-conÞguration. Thus, it would be very interesting to compare the biosynthesis of the pheromones by these two species, and speciÞcally, the step that joins the two isoprene units to make the likely precursor lavandulol (5-methyl-2-(1-methylethenyl)-4-hexen- 1-ol), in which the crucial Þrst chiral center is generated.
The chirality of the monoterpene alcohol portion of the pheromone proved to be critically important, because the (R,R,R)-and (R,R,S)-isomers were completely inactive in bioassays. In contrast, the (S,S,S)-isomer appeared to be attractive to male scales, and it certainly did not inhibit the attraction of male scales to the female-produced (S,S,R)-isomer. For commercialization of the pheromone, it may be simpler and cheaper to esterify the readily synthesized (1S,3S)-2,2-dimethyl-3-(1-methylethenyl)-cyclobutanemethanol with very cheap racemic 2-methylbutanoic acid rather than the expensive, chiral (R)-2-methylbutanoic acid.
We also cannot be sure that the (S,S,S)-isomer was indeed attractive because it was discovered after the compound had been made that the commercial (S)-2-methylbutyric acid used in its synthesis was actually an 87:13 mixture of the (S)-and (R)-enantiomers, resulting in an 87:13 ratio of (S,S,S)-and (S,S,R)-isomers in the Þnal product. The small amount of the (S,S,R)-isomer present in this mixture may have been sufÞcient to make it appear to be as attractive as the naturally produced (S,S,R)-isomer.
